Once urinary bladder cancer (UBC) develops into muscle-invasive bladder cancer, its mortality rate increases dramatically. However, the molecular mechanisms of UBC invasion and metastasis remain largely unknown. Herein, using 5637 UBC cells, we generated two sublines with low (5637 NMI) and high (5637 HMI) invasive capabilities. Mass spectrum analyses revealed that the Wnt family protein Wnt7a is more highly expressed in 5637 HMI cells than in 5637 NMI cells. We also found that increased Wnt7a expression is associated with UBC metastasis and predicted worse clinical outcome in UBC patients. Wnt7a depletion in 5637 HMI and T24 cells reduced UBC cell invasion and decreased levels of active ␤-catenin and its downstream target genes involved in the epithelial-to-mesenchymal transition (EMT) and extracellular matrix (ECM) degradation. Consistently, treating 5637 NMI and J82 cells with recombinant Wnt7a induced cell invasion, EMT, and expression of ECM degradation-associated genes. Moreover, TOP/ FOPflash luciferase assays indicated that Wnt7a activated canonical ␤-catenin signaling in UBC cells, and increased Wnt7a expression was associated with nuclear ␤-catenin in UBC samples. Wnt7a ablation suppressed matrix metalloproteinase 10 (MMP10) expression, and Wnt7a overexpression increased MMP10 promoter activity through two TCF/LEF pro- 5 The abbreviations used are: UBC, urinary bladder cancer; EMT, epithelial-tomesenchymal transition; EMC, extracellular matrix; FBS, fetal bovine serum; qRT-PCR, quantitative RT-PCR; IHC, immunohistochemistry.
moter sites, confirming that Wnt7a-mediated MMP10 activation is mediated by the canonical Wnt/␤-catenin pathway. Of note, the microRNA miR-370-3p directly repressed Wnt7a expression and thereby suppressed UBC cell invasion, which was partially restored by Wnt7a overexpression. Our results have identified an miR-370-3p/Wnt7a axis that controls UBC invasion through canonical Wnt/␤-catenin signaling, which may offer prognostic and therapeutic opportunities.
As one of the most common malignancies in the urological system, urinary bladder cancer (UBC) 5 ranks at the eighth position in cancer-related mortality in males in the United States, with an estimated 12,240 deaths in 2017 (1) . Low-grade, nonmuscle-invasive tumors account for 75% of newly diagnosed UBC cases, among which 15-20% of these patients advance toward muscle-invasive bladder cancers (Ն stage T2). Unfortunately, patients with muscle-invasive bladder cancer will progress to metastasis, with a prognosis of a 5-year survival Ͻ50% (2) . Hence, it is of great significance to characterize the molecular events that lead to UBC invasion and metastasis.
The Wnt family consists of 19 secreted glycoproteins that regulate many important cellular processes, including cell proliferation, differentiation, and cell-fate specification (3, 4) . Wnts bind to the members of the seven transmembrane family of proteins called Frizzleds (Fzds) and their associated co-receptors to stimulate complex network events, which are either dependent on ␤-catenin (canonical pathway) or independent of ␤-catenin (noncanonical pathways) (4) . Although frequent genetic alterations of the Wnt pathway have been detected in various cancers (5) , somatic mutations of the Wnt pathway are seldom reported in UBCs, except the association of SNPs of Wnt-associated genes with UBC risk (6, 7). Nevertheless, combined constitutively activated Wnt and the AKT pathway in murine urothelial cells synergistically leads to UBC formation, reinforcing the importance of the Wnt pathway during bladder carcinogenesis (8) . However, so far it is still unclear which com-ponents in the Wnt pathway may play key roles in UBC invasion and metastasis.
MicroRNAs are small noncoding RNAs ϳ22 nucleotides in length. Through binding to 3Ј-UTR of the target gene, they can negatively regulate the expression of target genes, resulting in either the decreased mRNA stability or translational inhibition (9) . A number of dysregulated miRNAs have been identified in UBC specimens (10) . Although some miRNAs have been extensively characterized as tumor-suppressive or oncogenic roles in UBC cell proliferation, survival, and drug resistance (11, 12) , the molecular functions of most miRNAs, and their functions on cancer cell invasion and metastasis are unclear.
In this study, we generated two subpopulations of 5637 UBC cells, one with high invasiveness (5637 HMI) and the other with low invasiveness (5637 NMI). Using MS, we found much higher expression of Wnt7a in 5637 HMI cells than that in 5637 NMI cells. Because Wnt7a plays contradictory roles as a tumor suppressor or an oncogenic driver in a cell context-related manner (13, 14) and its role in UBC has not been dissected yet, we carried out studies to prove that Wnt7a overexpression induced the activation of the canonical Wnt-signaling pathway and UBC cell invasion. We also confirmed that reduction of tumor-suppressive miR-370-3p in 5637 HMI cells induced Wnt7a overexpression.
Results

Establishment of UBC 5637 cell sublines with low-and high-invasive capabilities
To investigate the mechanisms of UBC cell invasion, we isolated highly-invasive and noninvasive subpopulations from the UBC cell line 5637 by repeated transwell screening. As shown in Fig. 1A , 5637 cells that failed or succeeded to invade the Matrigel-coated membranes 24 h after NMI (P1) and 14 h after HMI (P1) seeding were harvested and cultured. Such separation was repeated for 12 rounds, and we obtained low-invasive (5637 NMI) and high-invasive (5637 HMI) sublines. To further validate their invasive properties, we performed Transwell invasion and wound-healing assays. As shown in Fig. 1B , 5637 HMI cells are more invasive than 5637 parental cells by 4.0-fold and 5637 NMI cells by 11.4-fold as early as 15 h after seeding. In addition, the wound-healing experiment also showed that 5637 HMI had a much higher capacity to migrate than parental cells by 5.2-fold and the 5637 NMI subline by 7.4-fold at 48 h (Fig.  1C ). 3D Matrigel-invasive assay revealed that 5637 HMI cells invaded into Matrigel much earlier than its parental cells, whereas 5637 NMI cells invaded less ( Fig. 1 , D and E). However, cell proliferation rates of all of 5637 cells and their derivatives did not show significant changes, indicating that the difference of invasiveness among three cell lines is not due to cell proliferation rate (Fig. S1 ). Taken together, we successfully established two sublines derived from 5637 UBC cells with low-and high-invasive capability.
Identification of dysregulated proteins in 5637 HMI cells compared with 5637 NMI cells
To unbiasedly identify dysregulated proteins involved in cancer cell invasion, we employed TMT6-plex labeling strategy to quantify fold changes of protein expression in 5637 HMI com-pared with 5637 NMI cells in biological triplicate ( Fig. 2A ). In total, 5,987 proteins were quantified across all six samples. Protein reporter intensities in each channel were adjusted by median normalization (Fig. S2A ). Correlation coefficients among different channels were all nearly 1.00, suggesting good biological repeatability and minor differences between 5637 HMI and NMI samples ( Fig. S2B ). Hierarchical clustering analysis revealed that 5637 HMI and NMI samples can be clearly grouped, indicating the distinguishable proteome difference between 5637 HMI and NMI (Fig. S2C) .
Proteins with both a significant p value Ͻ 0.05 and a fold change cutoff of Ͼ1.2 were determined to be differently expressed, resulting in 16 proteins up-regulated and 26 proteins down-regulated in 5637 HMI cells ( Fig. 2B and Table S1 ). Wnt7a, a member of the WNT gene family, was of high abundance in 5637 HMI compared with 5637 NMI cells. The other three up-regulated proteins, MMP10, MMP1, and S100A8 as shown by protein association network analysis, indirectly interacted with Wnt7a and might be involved in the Wnt-signaling pathway ( Fig. 2C ).
We further validated those genes identified by mass spectrum that have also been reported to be involved in metastasis and invasion (15) (16) (17) (18) by quantitative RT-PCR and Western blotting assays. mRNA levels of Wnt7a, MMP1, MMP10, and S100A8 significantly increased in 5637 HMI compared with 5637 NMI cells ( Fig. 2D ). Consistently, the remarkable upregulations of Wnt7a, MMP1, and MMP10 were further confirmed at the protein level (Fig. 2, E and F) . Because the Wnt-signaling pathway may contribute to metastasis and the controversial roles of Wnt7a in different cancer types (13, 14) , we are eager to examine its clinical relevance and function on the invasive potential of UBC cells.
Overexpression of Wnt7a in UBC samples predicts poor clinical outcome
Because the Wnt7a gene localizes on human chromosome 3p25, which is frequently amplified in UBC samples and its role in UBC still remains unclear (18) , at first we analyzed its expression level in UBC samples. As shown in Fig. 3A , Wnt7a was significantly increased in UBC samples (n ϭ 41) from our cohort by 2.08-fold on average, compared with adjacent normal tissues. We further found that the Wnt7a protein level significantly increased in UBC tissues compared with their matched adjacent normal tissues (n ϭ 20, p ϭ 0.0339; Fig. 3 , B and C). Using independent data from a public dataset (TCGA, Provisional), the Wnt7a mRNA level was 7.2-fold higher in UBC without lymph node metastatic lesion (N0) than normal bladder tissues, whereas it was even 1.62-fold higher in UBC with lymph node metastatic lesions (ՆN1) than UBC with N0 (p Ͻ 0.05; Fig. 3D ). Moreover, the Wnt7a mRNA level was 7.58-fold higher in UBC with M0 than normal bladder tissues, whereas it is even 2.44-fold higher in UBC with distant metastatic lesion (M1) than in UBC without distant metastatic lesion (M0) (p Ͻ 0.05; Fig. 3E ). Notably, UBC patients with high Wnt7a mRNA levels have shorter overall survival time than those with low Wnt7a levels in two cohorts from the TCGA database (TCGA, Provisional and TCGA (6); Fig. 3 , F and G). Immunohistochemical (IHC) staining revealed that Wnt7a was weakly detected in Wnt7a promotes bladder cancer invasion normal urothelial cells, whereas its overexpression could be easily detected in the UBC cells ( Fig. 3H ). Importantly, UBC patients with high Wnt7a protein levels had a shorter overall survival ( Fig. 3I ). In a word, Wnt7a may be a promising biomarker for UBC patients.
Depletion of Wnt7a inhibited UBC cell invasion
To validate the function of Wnt7a in UBC cells, we knocked down Wnt7a expression by the siRNA approach. First, we performed Western blotting assay and found T24 cells expressed Wnt7a at a high level, 5637 HMI and UMUC-3 cells expressed at an intermediate level, and 5637 NMI cells and J82 cells expressed at a low level. By using an antibody against active ␤-catenin, which recognizes nonphosphorylated ␤-catenin (Ser-33/37/Thr-41), we observed that the activation of the canonical Wnt/␤-catenin pathway was roughly proportional to the Wnt7a level in these UBC cell lines ( Fig. 4A ), which is consistent with the finding in 5637 NMI and HMI cells ( Fig. 2E ). We then chose 5637 HMI cells and another UBC cell line T24 for the loss-of-function assay. Wnt7a was down-regulated in both cell lines by two different siRNAs (siWnt7a-1 and siWnt7a-2) compared with those transfected with control siRNA (siCTL; Fig. 4 , B-D), as detected by qRT-PCR and Western blotting assays. In addition, transwell invasion assay demonstrated that Wnt7a depletion significantly decreased invasion capacities of 5637 HMI and T24 cells compared with 
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control cells ( Fig. 4E ). As increasing evidence has shown that aberrant EMT is a characteristic feature of enhanced metastasis and two key EMT transcription factors ZEB1 and Twist are direct Wnt/␤-catenin target genes (19, 20), we examined the EMT-associated proteins in our experimental setting. The ablation of Wnt7a significantly decreased ZEB1 and Twist, which facilitated EMT by activating mesenchymal genes and repressing epithelial genes ( Fig. 4D ). Consistently, we observed
the reduced expression of vimentin and N-cadherin, with the increased level of E-cadherin. Matrix remodeling proteins, such as MMP1, MMP9, and MMP10, were also decreased by Wnt7a inhibition (Fig. 4D ), suggesting that the expression of these proteins was regulated by Wnt7a signaling.
Wnt7a promoted UBC cell invasion and metastasis
To determine the effects of Wnt7a overexpression, 5637 NMI and J82 cells that had low endogenous Wnt7a were treated with a recombinant human Wnt7a protein (rWnt7a, 100 ng/ml) for 24 h after serum starvation. Transwell assay demonstrated that rWnt7a protein significantly promoted the invasive capability of UBC cells, ϳ3-fold in 5637 NMI and 2.5-fold in J82 cells compared with vehicle treatment (Fig. 5A ). Consistently, the expression level of E-cadherin decreased, whereas the levels of N-cadherin and vimentin, as well as ZEB1, Twist, and matrix remodeling proteins (MMP1, MMP9, and MMP10), were elevated upon the treatment of the rWnt7a protein ( Fig. 5B ). Taken together, Wnt7a plays an important role in the regulation of UBC cell invasion.
To test whether Wnt7a overexpression is sufficient for UBC metastasis, we established Wnt7a-overexpressing J82 cells by viral infection with the Wnt7a-overexpression construct (pWnt7a), whereas cells infected with luciferase expressing viral particle (pLuci) were used as control. Consistent with the data above, overexpression of Wnt7a activated the ␤-catenin pathway 
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and induced MMP1 and MMP10 expression levels ( Fig. 6A ). By tail vein injection of pLuci and pWnt7a J82 cells into nude mice, we observed that Wnt7a overexpression cells showed more lung metastatic lesions than pLuci cells ( Fig. 6 , B-D).
Wnt7a activated canonical ␤-catenin pathway and induced MMP10 expression
Next, we investigated whether Wnt7a activates the canonical ␤-catenin pathway in UBC cells. Using an antibody against the active form of ␤-catenin, we observed that depletion of Wnt7a inactivated ␤-catenin in both 5637 HMI and T24 cells, whereas rWnt7a treatment and Wnt7a overexpression activated ␤-catenin (Figs. 4D, 5B, and 6A). Furthermore, we utilized the TOP/FOPflash luciferase system to assess whether Wnt7a can transactivate the ␤-catenin-TCF complex. TOPflash reporter construct contains repeated TCF/LEF-binding elements, which can be induced by the ␤-catenin-TCF complex, whereas the FOPflash construct only contains repeated mutant TCFbinding elements, which can serve as a negative control. As shown in Fig. 7 , A and B, Wnt7a treatment induced TOPflash activity by 2.5-fold in 5637 NMI and 2.4-fold in J82 cells. LiCl (a selective inhibitor of GSK-3␤) and the constitutively activated mutant ␤-catenin (S33Y-␤-catenin) plasmid were used as positive controls, respectively. Moreover, we stained adjacent UBC sections with antibody against total ␤-catenin. As a result, we found that Wnt7a overexpression was strongly associated with 
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nuclear staining of ␤-catenin in a cohort of UBC patients (r ϭ 0.4021, p ϭ 0.0463, n ϭ 25; Fig. 7C ). In addition, we stained the same section with Wnt7a and ␤-catenin by immunofluorescence. We confirmed that there was less Wnt7a staining and strong membrane ␤-catenin staining in the urothelium at the earlier invasive stage (Case 1), whereas there were stronger cytosolic Wnt7a staining and more nuclear staining of ␤-catenin in the invasive UBC section (Case 2; Fig. S3 ). Overall, these data supported the notion that Wnt7a overexpression is associated with the activation of the Wnt/␤-catenin pathway in UBC samples.
To dissect potential downstream targets of Wnt7a/␤-catenin pathway, we examined a matrix metalloproteinase MMP10, which is involved in degradation of extracellular matrix (13) . At first, knockdown of MMP10 by two different siRNAs significantly reduced cell invasion of 5637 HMI cells (Fig. S4 ), which indicated that MMP10 is involved in UBC cell invasion. Next, depletion of Wnt7a in 5637 HMI cells remarkably reduced MMP10 at the mRNA level (Fig. 7D ). To examine whether Wnt7a directly regulates MMP10 through ␤-catenin, bioinformatics analysis of its promoter was performed. The MatInspector program (genomatrix.de) revealed there were two putative TCF/LEF sites at Ϫ756 (site 1) and Ϫ622 (site 2), with matrix similarity scores of 0.885 and 0.981, respectively ( Fig. 7E and Table S2 ). Wnt7a treatment transactivated the WT reporter of the MMP10 gene (WT MMP10-Luc). Mutated reporters of the MMP10 gene on two TCF/LCF sites (TCF4 -1 and TCF4 -2) were also generated, with mutations on TCF4-1 alone (mutant 1), TCF4-2 alone (mutant 2), and both (mutant 1/2), respectively. Three mutant reporters could not respond to Wnt7a stimulation in 5637 NMI cells (Fig. 7F ). In addition, the MMP10 mRNA level was significantly increased in UBC tissues compared with normal tissues (n ϭ 41, p Ͻ 0.0001; Fig. 7G ), and the MMP10 mRNA level was also positively correlated with that of Wnt7a (r ϭ 0.3763, p ϭ 0.0153, n ϭ 41; Fig. 7H ). These data provided the first molecular evidence that Wnt7a induces MMP10 expression through canonical Wnt/␤-catenin signaling in UBC cells.
miR-370-3p negatively regulated UBC cell invasion through repressing Wnt7a
miRNAs have been implicated as key regulators for cancer cell invasion and metastasis, and they have been widely used for diagnostic and prognostic biomarkers (21) . We thus utilized the 
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miRanda algorithm and identified 12 putative miRNAs targeting Wnt7a (Fig. S5A ). The expression levels of those miRNAs in UBC patients from TCGA provisional databases were analyzed. Two miRNAs (miR-370-3p and miR-195-5p) were identified to be down-regulated in UBC samples with lymph nodes invasion (N1; n ϭ 128) compared with normal bladder samples (normal, n ϭ 19, p Ͻ 0.05). Notably, statistically significant down-regulation of miR-195-5p, but not miR-370-3p, was detected in UBC samples without lymph node metastasis (N0; n ϭ 236) compared with normal bladder samples (normal, n ϭ 19, p Ͻ 0.05) (Fig. S5, B and C) . The expression levels of miR-370-3p and miR-195-5p were also evaluated in 5637 HMI and 5637 NMI cells. Expression level of miR-370-3p and miR-195-5p was 50% and about 20% lower in 5637 HMI cells than that in 5637 NMI cells, respectively (Fig. 8A) . These data suggest that miR-370 might play an important role in UBC invasion and metastasis, but not in tumorigenesis. Therefore, we focused on miR-370-3p for further study.
Transient transfection of the miR-370-3p mimic in 5637 HMI cells remarkably reduced Wnt7a, subsequently inactivated ␤-catenin, and reduced its downstream targets MMP1 (40) and MMP10. We also observed a small but significant reduction of total ␤-catenin in miR-370-3p-treated 5637 HMI cells (Fig. 8, B and C) . To determine whether Wnt7a is a direct downstream target of miR-370-3p, the 3ЈUTR of Wnt7a transcript containing the putative miR-370-3p-binding site was inserted downstream of the firefly luciferase reporter gene.
Mutant Wnt7a reporter with the point mutations on the putative binding site of miR-370-3p was also generated (Fig.  8D) . After the miR-370-3p mimic was introduced into 5637 HMI cells, we observed about 50% reduction of luciferase activity compared with cells transfected with the mimic control; however, miR-370-3p mimic did not show a suppressive effect on the mutant Wnt7a reporter (Fig. 8D ). Forced expression of miR-370-3p reduced the invasive capability of 5637 HMI cells, whereas addition of Wnt7a abrogated miR-370-3p-mediated suppression of the invasion phenotype (Fig. 8E ).
In addition, we found that miR-370-3p was significantly reduced in 41 UBC samples from our cohort (Fig. 8F ). As shown in Fig. 8G , we detected the negative correlation of the miR-370-3p level and the Wnt7a protein level in UBC samples (n ϭ 20; r ϭ Ϫ0.4682, p ϭ 0.0373). Overall, these data indicate that miR-370-3p suppresses UBC cell invasion at least partially by down-regulating the Wnt7a protein level.
Discussion
Because the gain of invasive capacity increases aggressiveness and cancer mortality of UBC, the identification of invasive biomarkers and the understanding of its molecular mechanism will be of great importance. Elevated nuclear ␤-catenin in clinical samples and transgenic mouse models revealed the significance of Wnt/␤-catenin in UBC development (8, 23) . However, few somatic mutations of components in the Wnt pathway has been detected in UBCs, though APC and Axin1 in Wnt pathway are frequently mutated in gastrointestinal cancers (24, 25) . Epigenetic silencing of Wnt inhibitors, such as WIF1 and SFRPs, is associated with aberrant Wnt/␤-catenin pathway in UBCs (26, 27) ; so far, we have not known which ligand may activate Wnt pathway to promote UBC cell invasion and metastasis. In this study, we successfully established the 
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UBC cell lines with high invasion (5637 HMI) and low invasion (5637 NMI) from parental 5637 cells. The proteomic analysis by mass spectrum unbiasedly revealed that Wnt7a was one of the proteins up-regulated in 5637 HMI cells, compared with 5637 NMI cells. Knockdown of Wnt7a, rWnt7a protein treatment, and ectopic expression of Wnt7a further demonstrated that Wnt7a was necessary and sufficient for UBC cell invasion and metastasis. We confirmed that Wnt7a overexpression predicted poor clinical outcome in UBC patients, suggesting that Wnt7a may function as a promising prognostic biomarker.
Wnt7a can activate the canonical Wnt pathway through ␤-catenin, as well as the noncanonical Wnt pathway, which is cell context-dependent (13, 14) . To dissect the potential mechanism, our study revealed that Wnt7a activated the canonical Wnt/␤-catenin pathway, which was based on several pieces of evidence below. First, Wnt7a activated ␤-catenin and resulted in the increased level of its downstream target genes involved in EMT and ECM degradation, whereas Wnt7a deficiency inactivated the Wnt/␤-catenin pathway. Second, we confirmed that Wnt7a transactivated TOPflash reporter in UBC cells. Third, we first proved that Wnt7a regulated MMP10 expression through two TCF/LEF elements in the MMP10 promoter. Fourth, we observed the positive correlation between Wnt7a and nuclear ␤-catenin in UBC samples. Given that the activation of the Wnt/␤-catenin pathway has been shown to play a role in the maintenance of bladder epithelium stem cell and tumor-initiating cells (28, 29) , we speculate that Wnt7a overexpression may also be essential for UBC aggressiveness through The treatment with 10 mM LiCl and transfection of (S33Y) ␤-catenin plasmid served as positive controls, respectively. C, IHC staining showed Wnt7a and ␤-catenin expression in clinical UBC samples (n ϭ 25). The representative photos of Wnt7a and ␤-catenin staining data in two cases of UBC samples are presented. Scale bar, 20 m. The correlation between Wnt7a and ␤-catenin expression in UBC samples are shown below. D, qRT-PCR assay showed MMP10 and Wnt7a mRNA expression levels in Wnt7a knockdown 5637 HMI cells. E, schematic illustration of the promoter of human MMP10 gene. It showed wildtype (WT) contained two consensus TCF/LEF-binding sites, whereas mutants 1, 2, and 1/2 had indicated the mutations in TCF4-1 or/and TCF4-2 sites. F, luciferase assay showed relative luciferase activities of WT, mutant 1, mutant 2, and mutant 1/2 MMP10 promoters within the rWnt7a protein (100 ng/ml) treatment in 5637 NMI cells for 24 h. All the luciferase activity was calculated in triplicate and repeated three times. **, p Ͻ 0.01; ***, p Ͻ 0.001; n.s., not significant. G, relative expression level of MMP10 in a cohort of human UBCs and adjacent normal bladder tissues (n ϭ 41). H, association of Wnt7a and MMP10 expression levels in a cohort of human UBC samples (n ϭ 41).
the Wnt/␤-catenin pathway. In fact, Wnt7a overexpression was reported to induce the canonical Wnt pathway for drug resistance of ovarian and pancreatic cancer cells (30, 31) . Overall, our data indicate that Wnt7a activates the Wnt/␤-catenin signaling pathway and promotes UBC cell invasion.
The role of Wnt7a in cancer development is cancer type-dependent. The overexpression of Wnt7a was identified in ovarian cancer and endometrial cancer (32) , where it could induce cancer cell proliferation and promote cancer progression by activating the canonical Wnt pathway or remodeling of the tumor microenvironment (16, (33) (34) (35) . On the contrary, in lung cancer, the clear cell renal cell carcinoma, and sporadic malignant pancreatic endocrine tumors, Wnt7a was frequently down-regulated through promoter methylation (36 -40) . The interaction of Wnt7a with Fzd-9 in lung cancer cells induced Sprouty-4 expression and the JNK pathway but not ␤-catenin/ TCF activity (40) . In addition, Wnt7a and Fzd-9 coordinately induced peroxisome proliferator-activated receptor ␥ activation through ERK5 (17) . Furthermore, Wnt7a deficiency significantly increased carcinogen-induced lung cancer incidence in vivo through bypassing cellular senescence via the activation of S-phase kinase-associated protein 2 (41) . Consistently, such a tumor-suppressive effect of Wnt7a was not dependent on the canonical Wnt-signaling pathway. Taken together, Wnt7a works through the canonical Wnt pathway to promote cancer aggressiveness in ovarian cancer and UBC, although it suppresses lung cancer progression by inducing the noncanonical Wnt pathway.
Our proteomic data from mass spectrum analysis identified the up-regulation of Wnt7a and another two MMP family members, MMP1 and MMP10, in 5637 UBC cells with highly invasive capability. Herein, we first proved that Wnt7a activated the canonical Wnt pathway through direct regulation of the MMP10 gene. Because MMP1 is also another direct target of the canonical Wnt pathway (22) , Wnt7a overexpression upregulated MMP1/10 to degrade the extracellular matrix and to facilitate UBC cell invasion. Besides, MMP1/10 overexpression may also remodel the microenvironment by promoting angiogenesis and infiltration/activation of macrophages (42) (43) (44) . This evidence reinforces the notion that Wnt7a overexpression may confer invasive capability on UBC cells.
Dysregulation of miRNAs has been reported in various cancer types. Here, we identified that miR-370-3p was the most markedly down-regulated miRNAs in 5637 HMI cells, compared with 5637 NMI cells, as long as down-regulated in UBC samples. miR-370-3p is localized in chromosome 14q32, which is frequently lost in UBC patients (45) . Down-regulation of miR-370-5p, which is transcribed under the same promoter Figure 8 . miR-370-3p reduced Wnt7a to regulate UBC cell invasion. A, qRT-PCR showed the expression levels of two miRNAs: miR-370-3p and miR-195-5p in 5637 NMI and HMI cells. B, Western blotting showed protein expression of Wnt7a, active ␤-catenin, total ␤-catenin, MMP1, and MMP10 in 5637 HMI cells transfected with mimic miR-370-3p and control mimic. C, quantification of Western blotting is shown. D, schematic representation of the putative miR-370-3p-binding site in WT Wnt7a 3ЈUTR (WT). Wnt7a (WT) and Wnt7a (mutant) indicated the psiCHECK2 plasmid containing the Wnt7a 3ЈUTR WT sequence and mutated sequence. HMI 5637 cells were co-transfected with reporter vector (WT or mutant Wnt7a 3ЈUTR) and mimic miR-370-3p or control (CTL) as indicated. The relative luciferase activity of WT and mutant Wnt7a 3ЈUTR was measured 24 h after transfection. E, transwell assay showed invasive capacities of 5637 HMI cells with indicated treatment. The representative fields of invaded cells 16 h after seeding are shown. Scale bar, 100 m. The graphs indicated the counting number of invaded cells in 5637 HMI cells with the indicated treatment. All assays were performed in three independent biological replicates. *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001; n.s., not significant. 
with miR-370-3p, has been reported in UBCs (46) . Nevertheless, the role of miR-370-3p in UBC patients has not been dissected previously. The reduction of miR-370-3p was more than other Wnt7a-targeting miRNAs in 5637 HMI cells. Re-introduction of miR-370-3p inhibited Wnt7a expression and suppressed 5637 HMI cell invasion, which could be rescued by the addition of rWnt7a. Because miRNA usually has multiple targets, we also investigated whether miR-370-3p can directly inhibit Wnt/␤-catenin target genes in our study. From the protein list of mass spectrum data, we did not find evidence that miR-370-3p can target MMP1 and MMP10 by using the miRanda algorithm. It convinced us that it was Wnt7a that was down-regulated by miR-370-3p, leading to the up-regulation of ␤-catenin target genes, but not the direct regulation of miR-370-3p on these two target genes. In contrast, a recent study revealed miR-370-3p also directly targeted ␤-catenin in glioma cells (47) . However, in our UBC cell model, we did not find significant changes of ␤-catenin in 5637 NMI and HMI cells and only half-reduction of miR-370-3p in 5637 HMI compared with NMI cells. Although transient transfection of miR-370-3p cells mimic slightly reduced total ␤-catenin levels in 5637 HMI cells, it induced more striking and significant reduction of Wnt7a, arguing that in UBC cells Wnt7a is the major target of miR-370-3p. Overall, these data suggested that miR-370-3p down-regulation may be essential for UBC cell invasion through the Wnt/␤-catenin pathway.
In summary, we first identified that Wnt7a overexpression is significantly associated with UBC cell invasiveness and predicts poor clinical outcome in UBC patients. Wnt7a activates canonical Wnt pathway to induce EMT and the expression of MMP1 and MMP10. We also proved that Wnt7a directly regulates MMP10 through two TCF/LEF-binding elements in its promoter. In addition, down-regulation of miR-370-3p in invasive UBC cells accounts for Wnt7a overexpression and ␤-catenin/ Wnt activation (Fig. 8H ). Overall, our study indicated that Wnt7a and its associated Wnt/␤-catenin pathway are promising drug targets for UBC cell invasion and metastasis.
Experimental procedures
Cell lines, stable cell line establishment, and clinical tissue samples
All human UBC cell lines (5637, T24, UMUC-3, and J82) were obtained from Cell Bank of Type Culture Collection, Chinese Academy of Sciences (Shanghai, China). All cancer cell lines were maintained in RPMI 1640 medium (Life Technologies, Inc.) containing 10% fetal bovine serum (FBS; FBS-12A, Capricorn Scientific, Ebsdorfergrund, Germany) at 37°C in the humidified incubator containing 5% CO 2 . To establish low-invasive (5637 NMI) and high-invasive (5637 HMI) sublines, parental 5637 cells were sorted using six-well polycarbonate Transwell filters with 8-m pore (catalog no. 3428, Corning, Corning, NY). After 24 h starvation in RPMI 1640 medium without FBS, 1 ml of cell suspension without FBS was seeded into the Matrigel (BD Biosciences)-coated top chamber, and the lower chamber was prepared with 1 ml of RPMI 1640 medium with 10% FBS as a chemoattractant. The noninvasive and invasive cells on the top and underside of the membrane were harvested following 24 and 14 h of incubation, respectively. After 12 rounds of repeated Transwell selection, the noninvaded and invaded cells were obtained with designation of 5637 NMI and 5637 HMI cells. For knockdown assay, 20 nM siRNAs, including two different siRNAs targeting Wnt7a and control siRNA (siCTL), were transfected into cells with Lipofectamine 2000 (Life Technologies, Inc.), according to the manufacturer's instruction. The sequences of siRNAs are listed in Table S3 . For treatment with recombinant human Wnt7a, cells were cultured without FBS for 24 h, and then 100 ng/ml Wnt7a (catalog no. 120-31, PeproTech, Rocky Hill, NJ) was added to RPMI 1640 medium without FBS for another 24 h. Plasmid pCDH-3xFLAG-human Wnt7a-T2A-puromycin and empty vector were co-transfected with pVSVG and Gag-Pol into 293FT cells, respectively. The supernatants containing viral particles were harvested and infected J82 cells for 3 days, followed by 1 g/ml puromycin selection for 7 days.
All fresh surgically removed paired cancer specimens and adjacent nontumorous bladder tissues from UBC patients were obtained from Drum Tower Hospital, affiliated with Nanjing University, and Shanghai General Hospital, affiliated with Shanghai Jiaotong University. The studies were approved by the review board/Ethics Committee of Nanjing Drum Tower Hospital and the review board of Shanghai General Hospital, and informed consent for research use was obtained from each patient. The studies abide by the Declaration of Helsinki principles. All specimens were collected within 24 h after resection, snap-frozen in liquid nitrogen, and confirmed by histological analysis. The clinicopathological parameters of UBC samples used for qRT-PCR and IHC staining were listed in Tables S4  and S5 .
Mass spectrum analysis
Cell lysis preparation, mass spectrum assay, and bioinformatics analyses were described in details in the supporting information. The MS proteomics data have been deposited under the title "Proteomic analysis of the invasiveness of human bladder cancer cells" to the ProteomeXchange Consortium via the PRIDE partner repository with the dataset identifier (Project accession no. PXD007709).
RNA isolation and real-time qRT-PCR
Total RNA from the frozen tissues and cells were isolated with TRIzol reagent (catalog no. 15596018, Life Technologies, Inc.). cDNAs were synthesized by the Goldenstar RT6 cDNA synthesis kit (TSK301, TsingKe Biological Technology, Beijing, China). qRT-PCR was performed by SYBR Green (high ROX) MIX kit (catalog no. DRR041A, TaKaRa, Dalian, China), according to the manufacturer's instruction. Each reaction was performed in triplicate. Data analysis was performed using the ⌬⌬Ct method. Fold change was determined in relative quantification units using ACTB for normalization. Primers are listed in Table S3 .
Western blotting
Total protein in cells or tissues was extracted by RIPA buffer containing phosphatase inhibitor tablet (PhosStop, Roche Applied Science, and protease inhibitor tablet (cOmplete Roche Applied Science)). 20 g of protein was separated by SDS-
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PAGE and transferred to a polyvinylidene difluoride membrane. The membranes were blocked with 5% nonfat milk or BSA. Then the membranes were incubated overnight at 4°C with the primary antibodies (Table S6 ). The membranes were incubated by the corresponding secondary antibodies for 2 h at room temperature, visualized by Tanon High-sig ECL Western blotting substrate (catalog no. 180-501, Tanon, Shanghai, China) and detected by Amersham Biosciences Imager 600 (GE Healthcare). The intensities of bands were qualified by Image J software and calculated by normalization with the internal control (GAPDH).
Transwell invasion assays
Invasive capacity of T24, 5637, and J82 cells was evaluated using 8-m Transwell filters (Corning, catalog no. 3422). 1 ϫ 10 5 cells were resuspended in 100 l of serum-free medium and then seeded in the upper chamber. The lower chamber was filled with 500 l of medium containing 10% (v/v) FBS (Capricorn, FBS-12A). After incubation for 12 h (T24 cells), 16 h (5637 cells), or 20 h (J82 cells), the cells that had invaded onto the lower surface of the filter were fixed with 4% (v/v) formaldehyde solution for 8 min and then stained with crystal violet staining solution (Sangon Biotech, Shanghai, China). Images of stained cells were captured with a Leica DM IL LED inverted microscope (Leica Microsystems, Wetzlar, Germany).
Wound healing assay
Briefly, 5 ϫ 10 6 cells were seeded into 6-well plates per well, and wounds were made with a 100-l pipette tip on the cell monolayer 1 day later. Images of the scratch were taken at the indicated time points to evaluate the wound closure.
3D spheroid Matrigel invasion assay
5637 cells (1 ϫ 10 5 ) were resuspended in an ultra-low 6-well plate (Corning) to allow the formation of spheroids. Afterward, spheroids were harvested and embedded in Matrigel, which was 1:1 diluted with medium. Medium was added to the top of polymerized Matrigel, and photographs were taken at the indicated time points. ImageJ software was used to measure the area occupied by cells.
Experimental metastatic mouse model
J82 cells with Wnt7a overexpression (pWnt7a) and control (pLuci) cells (5 ϫ 10 4 ) were injected into the tail vein of 6-weekold male nude mice using sterile 28-gauge needles, respectively. All mice were sacrificed 24 days later to collect lung tissues. Total metastatic foci were counted in hematoxylin and eosinstained lung sections under a microscope. All the experiments were performed in accordance with the Guide for the Care and Use of Laboratory Animals and approved by the review board of the MARC at Nanjing University.
IHC staining
Formalin-fixed, paraffin-embedded specimens from UBC patients were from Drum Tower Hospital, affiliated with Nanjing University. 5-m-thick paraffin sections were deparaffinized for antigen retrieval using Tris/EDTA (pH 9.0), followed by the incubation with primary antibody against Wnt7a (Abcam, ab100792) and ␤-catenin (BD Biosciences, 610153), respectively. The slides were stained with the DAB kit (Maixin Bio, DAB-0031) and counterstained by hematoxylin. Slides were scored by two pathologists to estimate percentage and intensity of stained signaling in carcinoma cells, as described previously (48) . The proportion score and intensity score were multiplied to get the final score.
Luciferase activity assay
The luciferase activity was detected using a dual-luciferase reporter assay kit (E1960, Promega, Madison, WI), according to the manufacturer's instructions. TOP/FOPflash and four different MMP10 promoter reporter activities from firefly luciferase were normalized with transfection efficiency control reporter activity from Renilla luciferase. Among these, firefly luciferase-tagged TOPflash reporter, FOPflash reporter, and active ␤-catenin (S33Y-␤-catenin) expression plasmid were kindly provided by Dr. Ying Cao at Nanjing University. The luciferase reporter vectors carrying the promoter of WT, mutant 1, mutant 2, and mutant 1/2 MMP10 were cloned into a pGL3-basic vector by ClonExpress II One-Step Cloning kit (C112 Ϫ01/02, Vazyme, Nanjing, China) to compare the relative luciferase activity from putative TCF/LEF-binding sites containing promoter regions from nucleotides Ϫ756, Ϫ739, Ϫ622, and Ϫ605 to ϩ1, respectively. A 296-bp fragment of widetype and the mutant 3ЈUTR of Wnt7a (starting from 1,392 to 1,673 bp of NM_004625.3), which contains the predicted miR-370-3p-binding sites, were synthesized by General Biosystems (Chuzhou, Anhui, China). These two fragments then were cloned into psiCHECK2 vector (Promega) at XhoI and NotI sites. Cell lysates were harvested to measure firefly and Renilla luciferase activities, and the value was calculated by Renilla luciferase value normalization to firefly luciferase value.
Statistical analysis
Statistical analysis was performed by GraphPad Prisms 6.0 software. Data were presented as means Ϯ S.D. with at least three biological independent experiments. Statistical significance was assessed by Student's t test to compare the means of two groups. Pearson correlation test was used to determine the correlation of different gene expressions. Survival was analyzed by the log-rank (Mantel-Cox) test. p value less than 0.05 was considered statistically significant.
